The charge relay system and its role in the acylation of serine proteinases is studied using the partial retention of diatomic differential overlap (PRDDO) technique to perform approximate ab initio molecular orbital calculations on a model of the enzyme-substrate complex. The aspartate in the charge relay system is seen to act as the ultimate proton acceptor during the charging of the serine nucleophile. A projection of the potential energy surface is obtained in a subspace corresponding to this charge transfer and to the coupled motions of active site residues and the substrate. These results together with extended basis set results for cruder models suggest that a concerted transfer of protons from (1, 6). For amides, there is evidence that the rate-determining step in the formation of the acyl-enzyme complex involves the.breakdown of the tetrahedral intermediate (4, 7), and studies of substituent effects on the acylation of chymotrypsin by anilides of N-benzoyl-L-tyrosine and N-acetyl-Ltyrosine (1, 8, 9) suggest that a proton transfer is involved in the transition state of the acylation step. Recent x-ray diffraction studies of native and inhibited serine proteinases (5, 10-13) together with the kinetic studies of these enzymes and model systems (1) have led to the following proposal which elaborates the details of the acylation process. The substrate is first bound noncovalently to form a Michaelis complex, E-S. In this complex the scissile peptide linkage of the substrate is near a particularly reactive nucleophile, the hydroxyl of Ser-195. The mode of attack is not firmly resolved but one plausible proposal involves a transfer of a proton from Ser-195 either to His-57 or, through the intermediacy of His-57, to Asp 102. The Ser-195 anion would then attack the carbonyl carbon of the scissile peptide linkage to form a tetrahedral intermediate. Subsequent protonation of the leaving group by His-57 followed by cleavage of the peptide linkage then yields the acyl-enzyme. A mechanism related to the one described here for serine proteinases has recently been proposed for papain (14) . In this paper we study the electronic factors responsible for the activity of the serine proteinases, using an approximate molecular orbital theory developed in this laboratory (15). This method, partial retention of diatomic differential overlap (PRDDO), has proven to be an effective method for closely reproducing minimum basis set ab initio results at relatively low cost. Here we apply the PRDDO method to the task of studying the charge relay system (10) of the serine proteinases and the energetics of the tetrahedral intermediate formation. We also use a more extended basis set to repeat certain key calculations in order to assess the probable error arising from the minimum basis set approximation.
k3
E + S =, ES -S ES' + P. E + P2 [1] k_, where E-S is a Michaelis-Menten complex and ES' is an acyl enzyme intermediate (1) . The a Here we use the chymotrypsin numbering system to identify the amino-acid residues.
(1, 6). For amides, there is evidence that the rate-determining step in the formation of the acyl-enzyme complex involves the.breakdown of the tetrahedral intermediate (4, 7) , and studies of substituent effects on the acylation of chymotrypsin by anilides of N-benzoyl-L-tyrosine and N-acetyl-Ltyrosine (1, 8, 9) suggest that a proton transfer is involved in the transition state of the acylation step. Recent x-ray diffraction studies of native and inhibited serine proteinases (5, (10) (11) (12) (13) together with the kinetic studies of these enzymes and model systems (1) have led to the following proposal which elaborates the details of the acylation process. The substrate is first bound noncovalently to form a Michaelis complex, E-S. In this complex the scissile peptide linkage of the substrate is near a particularly reactive nucleophile, the hydroxyl of Ser-195. The mode of attack is not firmly resolved but one plausible proposal involves a transfer of a proton from Ser-195 either to His-57 or, through the intermediacy of His-57, to Asp 102. The Ser-195 anion would then attack the carbonyl carbon of the scissile peptide linkage to form a tetrahedral intermediate. Subsequent protonation of the leaving group by His-57 followed by cleavage of the peptide linkage then yields the acyl-enzyme. A mechanism related to the one described here for serine proteinases has recently been proposed for papain (14) . In this paper we study the electronic factors responsible for the activity of the serine proteinases, using an approximate molecular orbital theory developed in this laboratory (15) . This method, partial retention of diatomic differential overlap (PRDDO), has proven to be an effective method for closely reproducing minimum basis set ab initio results at relatively low cost. Here we apply the PRDDO method to the task of studying the charge relay system (10) of the serine proteinases and the energetics of the tetrahedral intermediate formation. We also use a more extended basis set to repeat certain key calculations in order to assess the probable error arising from the minimum basis set approximation.
Our results may be compared with those obtained using a more approximate method (CNDO/2) (16) .
RESULTS
In our molecular orbital calculations, the active site residues Ser-195, His-57, and Asp-102 were modeled by methanol, imidazole, and formic acid, respectively. The scissile peptide linkage was represented by a formamide molecule. The internal geometries and relative positions of the models for the residues at the active site (Fig. lb) were obtained in the following manner. The internal geometry of imidazole was obtained from a neutron diffraction study of histidine (17) .
The axis between C7 and the proton bonded to it in imidazole was chosen to be collinear with the C'Y-CO axis of histidine with a bond length equal to r(C62-H62). The 0. The coordinates of formamide were obtained from those of the atoms of the Lys-151-Ala-16I linkage of the complex (I indicates residues in PTI). The Hf atom was placed along the Cf-Ca axis of Lys-15I at a distance of 1.0 A from Cf. HN1 was placed along the Nf-C' axis of Ala-16I at a distance of 1.0 A from Nf. HN2 was then placed along the bisector of the larger Cf-Nf-HNI angle with r(Nf-HN2) = 1.0 A, after which its angular position was optimized. Excluding formate and imidazole from the calculations but including methanol in the position described immediately above, the formamide was allowed to pucker by synchronously bending the three substituents bonded to the carbonyl carbon, Cf, away from the central axisb through equal angles 0. We find that the equilibrium 0 is 910 compared to 1020 in the x-ray geometry.c The Cf-Of and Cf-Nf bond lengths were optimized to 1.24 and 1.41 A, respectively, in the nearly planar structure.
The positions of the four groups were then partially optimized in relation to one another. Including only the models of the enzyme active site residues (formate anion, neutral imidazole, and methanol) in the calculations, the imidazole was allowed two degrees of freedom. First, the imidazole b The central axis is defined to be that axis which passes through Cf and which makes equal angles with all three Cf-substituent bond vectors.
c A puckering angle of 0 = 900 corresponds to a planar configuration about Cf; 109.40 to a tetrahedral one. ometry described above. require that these motions all occur synchronously; i.e., for any structure considered the rotations and displacements included in the 13 motion are proportional to the fractional progress parameter, 13, which ranges from 0 to 1. Our calculated potential energy surface is represented as a contour diagram in Fig. 2 , where the optimalf reaction path is marked by a dashed line. As noted above, this path does not start at a = 0 and, for similar reasons, does not terminate at a = 1. Physically, this limitation is due to interactions between the residues, such as hydrogen bonding, but MBSE probably exaggerates this effect. The sharp bend in the path at approximately a = 0.8 and 13 = 0 reflects the apparent nonconcerted nature of this reaction, and indicates that the seryl oxygen will not begin its attack on the peptide linkage until the proton transfer has been nearly completed, at which point the Mulliken charge on the methoxy group has nearly doubled its initial value (Table 2 ). An important feature of the energy surface is the barrier of some 21 kcal/mole along the diagonal, which prevents the reaction from being completely concerted, i.e., progressing along the line a = 13. The energy profile along the reaction path (Fig. 3) shows that the process is calculated to be slightly endothermic (AE = 6 kcal/mole) and to have an energy barrier of 11 kcal/mole. The barrier occurs during the proton transfer phase and may account in part for the deuterium isotope effect observed in acylation (8, 9) . The secondary barrier shown in Fig. 3 occurs during the nucleophilic attack but may be an artifact of the restrictions placed on the 13 motions. Other studies carried out in this laboratoryg indicate that the linear variation of the several parameters included in 13 is not completely realistic, and we believe the dashed curve to be more representative of the actual process.
In Table 3 Table 4 .
f Optimal with respect to the projection of the potential energy surface chosen here through the definitions of a and fl. In order to better assess the MBSE for the charge transfer in our model enzyme, we studied the transfer of a proton from H20 to OH-through the intermediacy of NH3. The transfer was constrained to pass through a symmetric (C2,) transition state involving a simultaneous transfer of one proton from H20 to NH3 and another proton from NH3 to OH-. The plot of PRDDO energy versus a (fraction of the full 0.8 A proton displacements) revealed the energetics of proton transfer in the H20-NH3-OH-system to be quite similar to those of the transfer in our model enzyme. Both curves have minima at a slight distance from either end point separated by an energy barrier. The 4-31G energy curve for the H20-NH3-OH-system exhibits minima closer to the end points and an energy barrier of 20 kcal/mole, which is some 10-15 kcal/mole larger than that of the PRDDO curve. We expect a similar correction for our model enzyme system and thus predict that an extended basis set treatment would yield an energy barrier between 20 and 25 kcal/mole if the path in Fig. 2 were followed. Comparison of PRDDO and 4-31G results for the transfer of a proton between methanol and ammonia (a proton displacement of 0.7 A) and between formic acid and ammonia (1.0 A displacement) indicate that the MBSE is slightly greater for [HCOO-+ NH4+] than for [CH30-+ NH4+]. This suggests that 4-31G calculations would yield a slightly more positive AE for the overall reaction than does PRDDO. DISCUSSION In this study, the structure of an enzyme-inhibitor complex was used as a starting point for the study of the action of a serine proteinase upon a substrate. Just as with a real substrate, an inhibitor such as PTI is believed to first bind to the enzyme to form a noncovalent complex placing the peptide linkage to be attacked at the active site. The subsequent formation of a tetrahedral intermediate may occur for either the substrate or inhibitor; however, it is hypothesized that either the intermediate does not progress to products in the (11) provides supporting evidence for the conclusion that the residues are neutral at this pH. Table 1 provides calculated and experimental proton affinities which should be pertinent to the question of proton placement in the His-Asp system after formation of the tetrahedral intermediate. Even though the PRDDO method overestimates experimentally observed proton affinities for similar nitrogenous bases (e.g., ammonia and pyridine), the method still predicts imidazole to have a proton affinity less than that observed (or calculated) for formate anion. Since the environment of the Asp-102 residue is hydrophobic in the enzyme-PTI complex and presumably in an enzymesubstrate complex, these calculations support the contention that Asp-102 acts as the ultimate proton acceptor in the charge relay system. That imidazole is predicted to be a much weaker base than formate anion in the gas phase or in an aprotic medium is not surprising even though this reverses the basicity observed in aqueous solution (21) . This conclusion is further supported by evidence that imidazole is not protonated by acetic acid in dioxane unless 1-2 molar equivalents or more of water are present (20) .
Biochemistry: Scheiner et al.
Since the gas phase proton affinities of methoxide anion and formate differ by 50-70 kcal/mole (Table 1) , a direct proton transfer from CH3OH to HCOO-or from Ser-OH to Asp-would probably require a high activation energy. Evidently, imidazole (His-57) greatly facilitates the proton transfer by delocalizing the negative charge (Table 2) and providing stabilizing hydrogen bond interactions preferentially for the transition and final states. The tetrahedral ihtermediate is stabilized by additional factors which could not be included explicitly in our calculations. For example, the carbonyl oxygen atom which acquires the formal negative charge in the tetrahedral intermediate can form strengthened hydrogen bonds to the N-H groups of Gly-193 and (12) . A correction for this stabilization would reduce our calculated AE of about 6 kcal/mole to a more thermoneutral value. Further study also revealed that allowing Nf, as well as Cf. to pucker as the tetrahedral intermediate is formed would reduce the calculated AE to zero. Our calculated energy barrier after correction for MBSE is [20] [21] [22] [23] [24] [25] kcal/mole. This may be compared with the experimental enthalpy of activation of 11 kcal/mole which has been obtained for acylation of a specific ester substrate by chymotrypsin (22) . Since the rate-determining step in acylation of esters is formation of the tetrahedral intermediate, the two results should be comparable.
It has been proposed (12) that the breakdown of the tetrahedral intermediate occurs by reversing the charge transfer so that a proton is donated by the His-Asp system to the nitrogen of the scissile peptide linkage. The C-+NH2R bond is then broken and the departure of the neutral amine leaves behind an ester linkage between enzyme and substrate. A preliminary set of calculations indicates that the step is moderately exothermic with an activation energy of [25] [26] [27] [28] [29] [30] [31] [32] kcal/ mole. The deacylation is hypothesized to be quite similar to the acylation mechanism described above except that a water molecule takes the place of Ser-195 as the nucleophile (1). We plan to report on these latter steps in a future publication.
In summary, our calculations support the following detailed mechanism for formation of a tetrahedral intermediate in amide hydrolysis catalyzed by serine proteinase. The enzyme must be folded to keep solvent out of the region near Asp-102 and this appears to be a crucial function. The aspartate is necessary as the ultimate proton acceptor in the charge transfer which activates the serine nucleophile. Protonation of aspartate at pH < -7 thus destroys activity. His-57 serves as a proton relay between the aspartate and serine and also shields Asp-102 from solvent. The freedom enjoyed by the imidazole ring of His-57 due to rotations about the Ca-CO and CO-Cy bonds enables it to easily pick up a proton from and deliver one to Asp-102. However, His-57 is not a passive relay station, since it also serves to delocalize charge during proton transfer and thus facilitate reaction.
A prediction of the dynamics of serine proteinase activity is well beyond the scope of this paper. What we provide is an analysis of an energetically plausible pathway for the formation of a tetrahedral intermediate. In emphasizing energetics here, we have not properly taken into account other effects which promote enzyme activities, such as desolvation and other entropy-related processes.
